This study aims at investigating a polymer-based air-gap creation method for the packaging of microelectromechanical systems (MEMS), and exploring the chemical composition of the polymer residue on the final package. Polymer-based air-gap formation utilizes thermal decomposition of a sacrificial polymer, poly(propylene carbonate) (PPC), encapsulated within an overcoat polymer. BCB (Cyclotene 4026-46) was used as the overcoat material because decomposition products of sacrificial polymer are able to permeate through it, leaving an embedded air-gap structure around the MEMS device. Sizecompatibility and cleanliness of MEMS devices are important attributes of the polymerbased air-gap MEMS packaging approach. This study provides a framework for size-compatible and clean air-gap formation by selecting the type of PPC, optimizing thermal treatment steps, identifying air-gap formation options, assessing air-gap formation performance, and analyzing the chemical composition of the residue. The air-gap formation processes using photosensitive PPC films had at least twice the residue compared to processes using nonphotosensitive PPC films. The major contribution to the residue in photosensitive PPC films was from the photoacid generator (PAG), which was used to catalyze the thermal decomposition of the PPC. BCB is compatible with PPC, and provides mechanical stability during creation of the air-gaps. The polymer-based air-gaps provide a monolithic, low-cost, integrated circuit compatible MEMS packaging option.
Introduction
Packaging of MEMS is essential for providing physical protection and electrical connectivity to the MEMS device. MEMS packaging is a challenging technology and has an important role in the final device cost and performance [1] . Despite its importance, many challenges remain in MEMS packaging [2] . Waferlevel packaging is an emerging approach that allows testing and packaging of multiple MEMS dies at the wafer-level, thereby decreasing the test and package cost per die [3] . Conventional wafer-level packaging often involves bonding a MEMS wafer to a silicon or glass capping wafer by direct bonding (anodic bonding or fusion bonding) or by use of intermediate layers (glass frit, soldering, eutectic bonding, or epoxy-based polymers) [3] [4] [5] . These conventional processes require careful alignment of the capping wafer with respect to the MEMS wafer, and high-temperature treatments that might cause damage to the MEMS device or the package (e.g., anodic bonding at $400 C) [4] . A monolithic and low-temperature wafer-level MEMS packaging process can decrease the packaging cost and ensure reliability. For such an MEMS packaging process, size-compatibility is an important aspect, especially for devices that require large area, e.g., MEMS accelerometers or gyroscopes [1, 6] . The MEMS packaging process also needs to provide clean MEMS surfaces after packaging to prevent dampening effects or oxidation, which might interfere with the device performance and reliability.
Polymer-based air-gap MEMS packaging is an alternative approach offering advantages in terms of reduced processing and materials cost, simplicity of processing, and mild process conditions. Polymer-based air-gap MEMS packaging process is monolithic, i.e., the packaging processing can be performed directly on the MEMS wafer without the requirement of bonding a capping wafer to the MEMS wafer. The processing temperature for polymer-based MEMS packaging is low (<250 C), and the process can be performed at the wafer-level [6] [7] [8] . The polymerbased air-gap MEMS packaging concept is visualized in Fig. 1 for both surface-micromachined and bulk-micromachined MEMS devices with planar electrical feedthroughs. In Fig. 1 , embedded air-gaps around the MEMS devices are produced by thermal decomposition of sacrificial polymers, and the air-gaps are protected by an overcoat polymer cap. The process flow for the formation of a polymer-based air-gap can be summarized as follows. First, a sacrificial polymer film is coated and patterned on the MEMS device. This sacrificial polymer film encases the MEMS device and serves as a temporary place holder. The sacrificial polymer can be a polycarbonate (e.g., PPC) that thermally decomposes at low temperatures, 180-250 C [9, 10] . The air-gap formation process options can be classified depending on how the sacrificial polymer is patterned. The patterning of the sacrificial polymer can be done in one of two ways: (1) the sacrificial polymer can be directly photopatterned if the sacrificial polymer is photopatternable, or (2) the sacrificial polymer can be selectively etched by reactive-ion etching (RIE) using an etch mask if the sacrificial polymer is not photopatternable. Thus, two air-gap formation processes can be identified, namely, (a) RIE and (b) direct photopatterning process, as shown in Fig. 2 . In the RIE process, a nonphotosensitive sacrificial polymer film is cast from a solution containing only the sacrificial polymer (e.g., PPC) dissolved in an organic solvent (e.g., gamma-butyrolactone (GBL)). The sacrificial polymer film is patterned by anisotropic RIE in an oxygen-rich plasma. A pattern-transfer material with high etch selectivity, such as silicon dioxide, can first be patterned with photoresist [8] or the PPC can be patterned with use of a thin photodefinable polymer as an etch mask [7] . In the direct photopatterning process, the sacrificial polymer is made photosensitive by addition of a photoacid generator (PAG) into the polymer solution and the obtained photosensitive sacrificial polymer can be patterned directly by ultraviolet (UV) exposure through a photomask followed by dry-development, i.e., heating on a hotplate. The dry-development is possible since the photoacid generated by UV exposure catalyzes the PPC decomposition, thus lowering the PPC decomposition temperature [9] . After the sacrificial polymer has been patterned, an overcoat polymer is conformally coated on and around the sacrificial polymer. The overcoat material can be a photodefinable dielectric with adequate mechanical strength, such as Avatrel or epoxycyclohexyl polyhedral oligomeric silsesquioxane (POSS) [6] [7] [8] . Finally, the overcoat polymer is cured and the sacrificial polymer is thermally decomposed. The low molecular weight decomposition products (i.e., CO 2 , acetone, propylene carbonate, ethylene oxide, propylene oxide, ethylene carbonate, etc., for PPC) permeate through (dissolve into, diffuse through, and evolve out of) the overcoat polymer [6] [7] [8] [9] . This leaves the MEMS device in an encased air space and encapsulated in a protective overcoat envelope. This polymer-based air-gap MEMS packaging approach eliminates several previous requirements: (1) the use of porous layers, which enable outgassing of decomposition products of the sacrificial material, (2) sealing the porous layer after removal of the sacrificial material, and (3) transferring and positioning of the overcoat layer, as opposed to thin-film capping approaches outlined in Ref. [11] . The mechanical strength of the overcoat can be increased if a thin metal film is deposited (e.g., 1-3 lm of Al or Cu) on the overcoat polymer [6, 7] . Vacuum hermeticity in the package can be obtained by first thermally decomposing the sacrificial polymer in a vacuum chamber (evaporation or sputtering tool) followed by deposition of a thin metal film while the sample is still under vacuum (with proper electrical isolation of the feedthroughs beforehand).
The polymeric materials to be used in polymer-based air-gap MEMS packaging process (sacrificial polymers and overcoat polymers) must exhibit certain characteristics. The criteria for the sacrificial polymer selection can be summarized as follows. The sacrificial polymer has to have adequate adhesion to the substrate to prevent delamination during subsequent processing. The sacrificial polymers should completely decompose in a narrow and useful temperature window with little or no solid residues remaining. The decomposition temperature should be compatible with the overcoat material and subsequent processing steps. The decomposition products need to be volatile and be able to permeate through the overcoat polymer. Polycarbonates and polynorbornenes are candidate sacrificial polymers, which have been previously demonstrated as sacrificial polymers for air-gap formation applications [10] . Polynorbornenes decompose at high temperatures around 400 C, which is unfavorable for some packaging applications. The low decomposition temperature of polycarbonates (180-350 C) makes them good potential candidates for use in some polymer-based packaging processes [10] . The overcoat polymer should: (1) have adequate mechanical strength to prevent sagging or bulging during air-gap formation, (2) be chemically compatible with the sacrificial polymer, (3) provide adequate step coverage around the sacrificial polymer pattern, (4) be permeable to the decomposition products of the sacrificial polymer, and (5) have low moisture absorption. Avatrel, POSS, and polyimide are the overcoat polymers used for air-gap formation processes previously [6] [7] [8] [9] . Recently, BCB was demonstrated as a promising overcoat polymer in air-gap MEMS packaging process, which is chemically compatible with PPC providing good mechanical strength [12] .
Various polymer-based air-gap MEMS packaging studies have been reported in the literature using both the RIE process and the direct photopatterning process [6] [7] [8] . Previously, Joseph et al. used a polycarbonate-based sacrificial polymer (Unity 2303) and a SiO 2 /Avatrel 2195 overcoat to package microresonators with airgaps ($10 lm in height and $100 Â 150 lm in size) [8] . The nonphotosensitive sacrificial polymer was found to leave no visible residue [8, 13] . However, the RIE patterning process was complex due to the use of a temporary, thin SiO 2 pattern-transfer layer. Using the direct photopatterning process, a minimal decrease in resonant frequencies (1.3% decrease in average) and some degradation in quality factor values ($20%) were observed after packaging. The lower quality factor was due to residue left on resonators after PPC decomposition. The residual fluorine content detected in the residue by energy-dispersive X-ray spectroscopy (EDS) analysis indicated that the PAG contributed to the residue (PAG had fluorine in its chemical structure) [13] . The nonphotosensitive PPC can also contribute to the residue especially if the PPC contained impurities, such as polyether, catalyst particles, or residual solvent, from the PPC synthesis [13] [14] [15] . Monajemi et al. packaged resonators, with similar dimensions as in Ref. [8] , in addition to accelerometers with air-gaps (1.5 Â 1.8 mm in the x-y directions, 1-100 lm in height by spin-coating or few millimeters by drop dispensing) using a photodefinable polycarbonate-based sacrificial polymer (Unity 2000P) and Avatrel 2195 overcoat [6] . However, the residue contribution was not discussed, and the packaging process required a very thick ($120 lm) Avatrel 2195 overcoat layer. In order to minimize the residue, Saha et al. used a nonphotosensitive PPC sacrificial polymer patterned by a thin layer of POSS and overcoated by a thick POSS layer [7] . The airgap dimensions were 20-200 lm in width, 200-600 lm in length, and 3.5 lm in height. Also, air-gap structures of 10-18 lm tall and 1-2 mm in diameter were obtained with some degree of sagging of the overcoat (i.e., 60% sagging), which occurred during the compression epoxy-molding process. However, POSS is a sticky material that is difficult to work with, and the pattern generation in POSS by spray-developing with isopropanol is challenging.
The amount of PPC residue left by the photosensitive PPC was previously lowered by using a two-layer PPC film which had both photosensitive and nonphotosensitive PPC layers [16] . Photodecomposition of the PPC occurred as long as the photoacid concentration was above a minimum threshold in one region of the PPC film. As decomposition occurred, the acid front moved through the PPC film causing nonacid layers to decompose. Chen et al. achieved 600 lm wide and 32.7 lm high air-gap channels using a photosensitive PPC layer (6.3 lm) on top of a nonphotosensitive PPC layer (26.4 lm) with an Avatrel 8000P overcoat [16] .
The requirements for improving the polymer-based air-gap MEMS packaging approach can be summarized as: (1) simplification of the air-gap formation processes, (2) minimization of the amount of residue to ensure unchanged device performance, and (3) formation of large and reliable air-gap sizes to accommodate different MEMS devices. This requires a closer look at the sacrificial and overcoat polymers, residues, air-gap structure architectures, and optimization of the processes.
In this study, the polymer-based air-gap formation process for MEMS packaging applications was investigated with an emphasis on the formation of wide (>3 mm) and tall (>10 lm) air-gaps, and the chemical assessment of the residue from photosensitive and nonphotosensitive sacrificial polymers. Two different commercially available PPC materials were compared using thermogravimetric analysis (TGA) and nuclear magnetic resonance (NMR) analysis. A PPC purification method involving redissolution and precipitation was employed. BCB (Cyclotene 4026-46) was used as a PPC-compatible overcoat material with excellent mechanical strength. BCB was also used as a pattern-transfer layer in the RIE process. The residue thickness in the air-gap region was characterized by depth profiling using X-ray photoelectron spectroscopy (XPS). The chemical functionalities in the residue were analyzed by deconvolution of the XPS carbon peaks.
Experimental Procedure
The PPC used in this study was supplied from two sources. PPC with a weight-average molecular weight of 160,000 g/mol (Novomer 160 K) was supplied from Novomer, Inc. (Ithaca, NY), and PPC with a weight-average molecular weight of 141,000 g/ mol (QPAC 40 141 K) was supplied by Empower Materials (New Castle, DE).
A precipitation-based purification procedure was employed to remove impurities in the as-received PPC, such as particles. The PPC was dissolved in acetone to achieve a 10-15 wt. % solution, followed by vacuum filtering using a fine filtering paper and precipitation with isopropanol. The precipitate was then washed with excess isopropanol. The procedure was repeated three times followed by vacuum drying at 100 C overnight. The purified PPC was dissolved in GBL to achieve 25-35 wt. % PPC solution. The solution was left to mix on a roller overnight at room temperature. The PPC solution was made photosensitive by adding a PAG, Rhodorsil-FABA (Solvay, Inc., Houston, TX), and mixing overnight on the roller at room temperature. Rhodorsil-FABA is a diphenyliodonium PAG which creates a strong acid upon UV exposure (248 nm) or at elevated temperature, ca. 180 C [13, 14, 17] . The concentration of Rhodorsil-FABA was adjusted to be 3 wt. % of the PPC in the solution.
TGAs were performed to determine the decomposition temperature of the polymers in dynamic mode (temperature ramp) using a Q50 dynamic thermogravimetric analyzer from TA Instruments (New Castle, DE). Sample of 3-15 mg was loaded in a platinum pan in each run. The temperature ramp rate was 1 C/min. Isothermal TGA experiments were used to quantify the decomposition kinetics. The temperature was ramped at 20 C/min to the temperature of interest and held at that value for 500 mins. The decomposition chamber was continuously purged with N 2 at a flow rate of 40 ml/min at the balance and 60 ml/min at the sample.
The chemical structure of PPC was investigated using NMR in order to determine any changes before and after purification. NMR measurements were performed using a Varian Mercury Vx 400 (400 MHz) tool (Agilent Technologies, Santa Clara, CA). The NMR solvent was chloroform-d (CDCl 3 ) supplied from Sigma Aldrich, St. Louis, MO (product no.: 151831, 99.8 at. % D, contains 1% v/v TMS). For each polymer, the concentration of PPC in the NMR tubes was held constant at 45 mg polymer in 0.75 ml CDCl 3 ; 512 scans were collected for 13 C-NMR, and 64 scans were collected for 1 H-NMR. The relaxation time was 1 s for both 13 C-NMR and 1 H-NMR. The spectra were analyzed using MESTREC v4.9.9.9 software (Mestrelab Research, Escondido, CA). The peak positions in 1 H-NMR were calibrated by referencing the spectra with respect to the chemical shift of the residual solvent singlet peak at 7.26 ppm (i.e., $0.001% undeuterated chloroform in CDCl 3 ). The peak positions in 13 C-NMR were calibrated by referencing the spectra to the center peak of the CDCl 3 triplet at 77.16 ppm [18] . The molar fractions of species in the NMR spectra were calculated by integrating the area under the peaks and normalizing with respect to total area of all identified species.
Photodefinable BCB (Cyclotene 4026-46) was supplied from Dow Chemical Co. (Midland, MI) and was used as-received. BCB undergoes cross-linking above 160 C [19] [20] [21] . It has a high glass transition temperature (>350 C) and low moisture uptake (0.14% at 23 C and 84% relative humidity) [19] . Its coefficient of thermal expansion is 52 ppm/K [19] . The spin-coating thickness range for as-received BCB is between 7.3 and 14.2 lm for spin speeds between 1500 rpm and 5000 rpm [22] . For thinner coating (e.g., pattern-transfer layer in the RIE process), BCB was diluted with mesitylene in a ratio of 1:4 mesitylene:BCB (referred as "diluted BCB" in this study).
Two air-gap formation procedures were used in this study, as shown in Fig. 2 , i.e., the RIE process ( Fig. 2(a) ) and the direct photopatterning process (Fig. 2(b) ). The substrates were silicon wafer parts diced from 4 in. diameter (100) p-type silicon wafers. The substrate size was at least 3-4 Â 3-4 cm rectangle at minimum, and a quarter of 4 in. diameter silicon wafer at maximum. The RIE process consisted of first coating silicon substrates without additional cleaning ( Fig. 2(a) step (i)) with a 25-35 wt. % nonphotosensitive PPC solution by spin-coating using a CEE spinner followed by soft-baking on a hotplate. The soft-bake was usually done for 5-10 min at 100 C, depending on the thickness of PPC (5 mins if PPC thickness was 10 lm or less, and 10 mins if PPC thickness was greater than 15 lm) ( Fig. 2 (a) step (ii)). A thin layer of BCB (2.5-3 lm) was coated on top of the PPC and patterned ( Fig. 2 (a) step (iii)). The processing conditions for thin BCB layer were as follows: spin-coating diluted BCB at 5000 rpm for 120 s with a ramp rate of 500 rpm/s, soft-baking at 60 C for 2 mins on a hotplate, exposure to 365 nm wavelength UV light with a dosage of 210 mJ/cm 2 using a negative-polarity photomask, postexposure bake at 60 C for 5 mins on the hotplate, pattern development by immersion into 1,3,5-triisopropylbenzene at 32 C for 1.5-2 mins, and blow-drying with N 2 for 5 mins. This thin BCB layer, referred to as pattern-transfer BCB layer, was utilized as an etch mask for patterning PPC by O 2 plasma RIE ( Fig. 2 (a) step (iv)). The RIE was performed using an RIE tool (Plasma-Therm, St. Petersburg, FL) with 100 sccm O 2 flow rate at 25 C and 300 mTorr and with an alternating current power of 250 W. The etch selectivity of the RIE for BCB versus PPC was 1:36. The PPC etch rate was 0.66 lm/min. The PPC in the field region was overetched in order to make sure the field region on the sample was completely free of PPC. Afterwards, a thick overcoat layer of BCB (undiluted, as-received) was coated on the substrate for encapsulating the patterned PPC ( Fig. 2 (a) step (v)). The thickness of the overcoat BCB layer used in this study ranged between 7 lm and 16 lm, where the spin speed (1000-5000 rpm), soft-bake temperatures (70-85 C), exposure dosages (used dosage was 60 mJ/ cm 2 per lm of BCB, 365 nm UV light), and postexposure bake temperatures (70-85 C) were adjusted accordingly [22] . The encapsulation of the patterned PPC with overcoat BCB was found to be conformal using Dektak profile measurements. However, the diffusion of BCB solvent (i.e., mesitylene) between the patterntransfer BCB layer and the overcoat BCB layer might decrease the total BCB thickness on top of the air-gap structure during spin-coating. For the exposure of overcoat layer BCB, no photomask was used, and the flood exposure was done to initiate crosslinking all over the BCB. After that, the sample was placed horizontally on a glass rack and was subjected to thermal treatment in a convection oven where the PPC was decomposed and BCB was cured simultaneously (Fig. 2 (a) step (vi)). During the thermal treatment, the convection oven was continuously purged with 2.5 L/min N 2 . A ramp rate of 1 C/min was used for all thermal treatments. The thermal treatment was done using various recipes that are discussed in the Results and Discussion section.
The direct photopatterning process used photosensitive PPC as a single PPC layer, or a two-layer PPC film. A silicon substrate ( Fig. 2(b) step (i)) was spin-coated and soft-baked ( Fig. 2(b) step (ii)). Unlike the RIE process, the PPC film was directly patterned using 248 nm UV radiation with a positive-polarity photomask ( Fig. 2(b) step (iii) ). The PAG inside the photosensitive PPC film, Rhodorsil-FABA, forms a catalytic acid upon exposure. The exposure was performed using an exposure tool (Oriel Instruments, Irvine, CA) equipped with Hg(Xe) arc lamp which had an intensity of 71 mW/cm 2 . The exposure time was selected to be 10 s per lm of the PAG-containing PPC layer if the PAGcontaining PPC layer directly faces the UV light with no other layer in between (e.g., single photosensitive PPC layer or photosensitive PPC layer on top in a two-layer PPC film). If the photosensitive PPC layer was below a nonphotosensitive layer in a two-layer film, the exposure time was selected to be 10 s per lm of the total two-layer PPC film in order to account for the intensity loss within the nonphotosensitive PPC. After UV exposure, the PPC pattern was dry-developed at 100 C on a hotplate. During dry-development, the UV-exposed PPC decomposed into volatile compounds, such as CO 2 , acetone, propylene carbonate, ethylene oxide, propylene oxide, ethylene carbonate, etc., at a temperature lower than the unexposed PPC. The duration of dry-development depended on the thickness of photosensitive PPC layer. Surface residue present after dry-development was removed by rinsing the sample with isopropanol followed by drying in a nitrogen stream. After dry-development, an overcoat layer of BCB was coated onto the substrate (Fig. 2(b) step (iv) ), exposed to 365 nm UV light, and post-exposure baked, as in the RIE process. Then, a thermal treatment was performed to obtain air-gaps ( Fig. 2(b) step (v) ).
The lateral dimensions of the air-gap structures fabricated in this study were 2.5 Â 3.2 mm rectangles, unless otherwise stated. The small substrates had six to eight air-gap structures, whereas the large substrates had 15-20 air-gap structures. A 2 mm diameter circular air-gap was used for nanoindentation. Additional 2 mm diameter circular air-gaps were used to optimize the BCB curing conditions.
The mechanical properties of the overcoat were measured by nanoindentation. Nanoindentation measurements were conducted in quasistatic mode using a Hysitron TriboIndenter (model 1BR-12, Hysitron, Inc., Minneapolis, MN). The nanoindentation was performed in an acoustic housing, and the tool was vibrationisolated. A north star head diamond tip with a 100 nm radius of curvature was used for indentation. The load normal to the surface was varied nominally between 100 and 220 lN in a 3 Â 3 grid with a 50 lm pitch. The load and unload times were kept constant as 10 s with no hold time between loading and unloading cycles. The maximum indentation depth was less than the 6.5% of the film thickness across all samples in order to minimize the effect of the substrate on the nanoindentation results.
The thickness of the residue and its chemical composition were investigated using a Thermo K-alpha X-ray photoelectron spectrometer (XPS) (Thermo Fisher Scientific, Waltham, MA). Residue thickness determination by depth profiling using XPS is advantageous, since it allows a direct and quick measurement in areal fashion. The energy step size was 1 eV for the survey scans and 0.1 eV for the elemental analysis. The X-ray spot size was 200 lm across all measurements. A low-voltage electron flood gun was used during measurements for charge compensation. In order to reduce noise in the XPS signals, each point was investigated twice for the survey scan, and five times for the elemental scan. The surface scans were performed without argon ion etching. The atomic concentrations in the depth profiles were obtained using an argon ion gun with a raster size of 0.3 mm. The argon ion gun was operated with an ion energy of 1000 eV, and the current was adjusted to give an etch rate of 5.65 nm/s, as referenced to Ta 2 O 5 etching. The XPS scans were taken from the center of airgap regions, unless otherwise stated. The acquired XPS survey scans were analyzed using AVANTAGE software [23] . The carbon C1s signal was used as a reference signal for charge shifting the acquired survey spectra, so that the C1s peak position would be at the binding energy of 285.0 eV. The characteristic residue thickness was evaluated from the intersection of the Si and C signals as a function of depth. In addition to the survey scans, highresolution XPS scans for carbon were performed for detailed chemical characterization of the residue. The C1s peaks were deconvoluted into individual peaks corresponding to various carbon functionalities with different oxidation states. The molar fraction of each carbon functionalities was obtained from the deconvoluted spectra. The deconvolution and analysis of C1s signals were performed using CASAXPS software [24] . Same functional groups were looked for in both the nonphotosensitive PPC residue and photosensitive PPC residue. The C-H peak position was 285.2 eV, C-C peak position was 284.7 eV, C-O-C peak position was 286.7 eV, C-O peak position was 287.0 eV, C¼O peak position was 288.7 eV, O-C(¼O)-O peak position was 290.6 eV, C-F peak position was 287.8 eV, and there were two shake-up peaks at 291.9 eV and 294.1 eV [25] [26] [27] [28] . The peak position tolerances were accepted as 60.2 eV for all functional groups in the C1s spectra. Linear or Shirley backgrounds were used for C1s region including all functionality peaks. The full width at half maximum (FWHM) values for all functional group peaks were constrained between 0.85 eV and 1.7 eV, and were kept same for all functionalities in a single peak set. The built-in simplex algorithm in CasaXPS was used to optimize the fitting of functional group peaks to the overall C1s peak with the objective of minimizing the residual. Same mixed Gaussian-Lorentzian line shapes were assigned to functionality peaks in a single C1s region. The mixing ratios of the Gaussian-Lorentzian line shape were optimized to further minimize the residual. Monte Carlo simulation was performed to obtain the standard deviation of the calculated peak areas.
Results and Discussion
Two different PPC materials, Novomer 160 K and QPAC 40 141 K, were purified, as explained in the Experimental Procedure section. Figure 3 shows the TGA data of both types of PPCs before and after purification. As seen in Fig. 3(a) , the purified Novomer 160 K had a lower decomposition temperature compared to its neat form (i.e., unpurified, as-received form). The decomposition temperature at 50 wt. % loss dropped from 241.9 C to 218.0 C when purified. The decomposition onset temperature at 5 wt. % loss also dropped after purification from 224.6 C to 197.1 C. The rate of decomposition did not change appreciably with purification, i.e., the slopes of TGA curves during weight loss were similar. The as-received and purified form of the Novomer 160 K decomposed without noticeable residue, as measured by the mass at 350 C. On the other hand, the QPAC 40 141 K had a slightly higher decomposition temperature after purification, as seen in Fig. 3(b) . The decomposition temperature at 50 wt. % loss was 233. 7 C for the purified form compared to 224. 4 C in the as-received (neat) form. A slight increase was observed also in the onset of decomposition temperature: 205.3 C for purified form versus 196. 3 C for the as-received neat form. The rate of decomposition increased slightly for the purified material, especially at the higher temperature end of the scan. Both neat and purified forms of QPAC 40 141 K had about 0.23 wt. % residue at 350 C. As shown previously, a majority of the shift in the PPC decomposition temperature was most likely due to residual solvent used during purification. Hydrogen bonding of the polymer, particularly at the end groups, could change the decomposition temperature by making the decomposition reaction (and intermediates) more facile or more labile [17] .
The chemical structure and the impurity content of Novomer 160 K and QPAC 40 141 K were analyzed using 1 H-NMR and 13 C-NMR. The chemical structure of PPC is shown in Fig. 4 , where the carbon and hydrogen atoms are labeled for referencing to the NMR spectra. The PPC backbone is vastly predominated by the polycarbonate part, as shown in Fig. 4 . Residual polyether impurity is an unintended by-product in PPC synthesis [13] [14] [15] . Polyether may suppress PPC decomposition by disrupting the chain unzipping mechanism and may contribute to residue after PPC decomposition [14, 17, 29] . Figure 5 shows the 13 C-NMR spectra obtained from neat QPAC 40 141 K, neat Novomer 160 K, and purified Novomer 160 K. In Fig. 5 , the left column shows the full spectra, and the right column shows the high-resolution spectra in the carbonate region. The triplet at 77.16 ppm was due to CDCl 3 , which was used to calibrate the spectra. The major peaks observed in 13 C-NMR spectra for all PPC types were assigned as follows: 13 [15, 30] . The neat QPAC 40 141 K spectra had small peaks at 19.6 ppm, 70.7 ppm, 73.5 ppm, and 155.1 ppm due to propylene carbonate [31] . Propylene carbonate is a possible by-product of PPC synthesis [30, 32] . Propylene carbonate impurity in PPC can decrease PPC's glass transition temperature (T g ) [14, 17, 29, 33] . No propylene carbonate peaks were observed in the neat and purified Novomer 160 K spectra. A minor peak was observed in neat QPAC 40 141 K spectrum at 105.1 ppm, which might be due residual catalyst [31] . There appeared to be little or no difference between the spectra for purified and as-received for Novomer 160 K.
The regioregularity of the PPC was compared in the highresolution spectra for the carbonate region, as shown on the right column of Fig. 5 . Depending on the synthesis, the PPC can be in head-to-head (HH), head-to-tail (HT), and tail-to-tail (TT) configurations [17, 32] . The terms HH, HT, and TT refer to relative positions of the methyl groups of propylene (up, i.e., head, or down, i.e., tail, with respect to central axis of polymer backbone) in two PPC monomers forming a repeat unit throughout the polymer backbone [17, 32] . A higher fraction of regioregular HT units corresponds to a higher glass transition temperature and improved mechanical strength. On the other hand, HH and TT regiostructures slow the rate of decomposition [17, 29] . For all PPC samples, the HH configuration had two peaks at 153.8 ppm and 153.9 ppm. The HT configuration was identified by multiple peaks between 154.3 ppm and 154.4 ppm, and the TT configuration was identified by a single peak at 154.8 ppm. The mole fraction of each configuration was calculated by integrating the area under the peaks and is shown in Fig. 5 . As-received Novomer 160 K had a larger percentage of HT units (88.28%) compared to QPAC 40 141 K (70.24%). Comparing the as-received and purified Novomer 160 K, the distribution of the configurations was similar within error. 13 C-NMR spectra for neat QPAC 40 141 K (top), neat Novomer 160 K (middle), and purified Novomer 160 K PPC (bottom). The left column includes full spectra, and the right column includes the close-up spectra at the carbonate region.
The 1 H-NMR data are shown in Fig. 6 for as-received QPAC 40 141 K, as-received Novomer 160 K, and purified Novomer 160 K.
1 H-NMR was used to evaluate the polyether content. The major peaks were identified in reference to chemical structure of PPC shown in Fig. 4 3 , hydrogen e), and 3.40-3.90 (2H;CH 2 , hydrogen d). The peak located at 1.68 ppm was assigned to pyrrolidine, an impurity in the NMR solvent [18] . Since both the polyether and polycarbonate parts in PPC have six hydrogens, the mole percent of polyether content was calculated as (d þ e)/ (a þ b þ c þ d þ e) Â 100. As seen in Fig. 6 , as-received QPAC 40 141 K had a larger polyether content ($5%) compared to as-received Novomer 160 K ($0.5%). The polyether content of Novomer 160 K was essentially unchanged by purification (0.51% before and 0.67% after purification). The minor peaks observed at 1.48 ppm, 4.01 pm, 4.54 ppm, and 4.84 ppm were identified as propylene carbonate [31] . The as-received QPAC 40 141 K had a larger propylene carbonate content compared to as-received Novomer 160 K. This finding is consistent with the 13 C-NMR result described above. A small peak at 5.29 ppm due to methylene chloride was observed only in the asreceived QPAC 40 141 K spectrum (peak is not shown in Fig. 6 ) [31] . Methylene chloride can be used to remove propylene carbonate and catalyst after PPC synthesis [32] . Spencer et al. previously showed that residual methylene chloride in PPC lowers the decomposition temperature [17] . Thus, the increase in thermal stability of purified QPAC 40 141 K compared to the as-received material could be due in part to methylene chloride removal.
The TGA and NMR measurements show that Novomer 160 K has a lower decomposition temperature, less polyether content, high HT ratio, and fewer impurities (such as propylene carbonate, catalyst, and residual solvent) than QPAC 40 141 K. Thus, Novomer 160 K was the material used as the sacrificial polymer in the air-gap experiments along with BCB as the overcoat and pattern-transfer material.
The air-gap formation involves two simultaneous thermal processes, namely, PPC decomposition and BCB curing. That is, the thermal treatment decomposes the PPC, converting solid PPC to gas, and cures the BCB, which results in a more rigid overcoat. Thus, the first step was to find a thermal treatment sequence where the BCB could be cured and PPC could be decomposed in such a way to create stable, reliable, enclosed cavities. Samples prepared with 10 lm nonphotosensitive PPC, 3 lm BCB for pattern-transfer layer, and 7 lm BCB for overcoat layer were subjected to various thermal treatments. Different thermal treatments were surveyed separately on the samples to understand the effect of thermal treatments on air-gap formation: (1) single-step low temperature (26.5 hrs at 190 C), (2) single-step high temperature (4 hrs at 250 C), (3) constant 1 wt. %/min PPC decomposition rate achieved by ramping the temperature at a specific rate [34] , and (4) two-step thermal treatment (2 hrs at 190 C and 1 hr at 280 C). These experiments with different thermal treatment parameters showed that BCB must be cured to an appropriate extent before PPC decomposition is initiated, so that BCB has sufficient mechanical strength to withstand the pressure generated in the enclosed cavity during PPC decomposition. A two-step thermal treatment was found to be an optimal thermal treatment sequence. In the first step, BCB should be cured at a lower temperature so that sufficient mechanical strength is achieved, and in the second step PPC should be decomposed at a higher temperature so as to produce a clean cavity.
The BCB curing step in the two-step thermal treatment sequence is critical to obtaining reliable air-gap structures. The thermal treatment should be selected as to provide relatively fast BCB curing compared to PPC decomposition in a reasonable amount of time. In order to determine the optimal BCB curing recipe, the kinetics of BCB curing and PPC decomposition processes was investigated. The kinetic parameters for PPC decomposition were calculated from isothermal PPC decomposition data obtained between 190 C and 220 C with 10 C intervals using TGA. The data were analyzed using first-order integral method where an Arrhenius-type relationship was assumed for the reaction rate. The reaction rate is given by the following equation:
where A is the frequency factor, E a is the activation energy for decomposition (J/mol), R is the universal gas constant (8.314 J/mol K), and T is absolute temperature (K) in Eq. (1). At any temperature, the decomposition reaction was assumed to follow the below equation:
In Eq. (2), a is the fractional decomposition (i.e., ratio of weight of the polymer decomposed to the initial weight of the polymer), and f(a) is a conversion-dependent term given in the following equation:
The parameter n in Eq. (3) is the reaction order, which was assumed to be one. The insertion of Eq. (3) into Eq. (2) and subsequent integration yield Eq. (4) (the integration boundaries for t is from t 0 to t, where t 0 is the time at the start of the isothermal period in TGA, and correspondingly the integration boundaries for a is from a 0 to a, where a 0 is the conversion at time t 0 )
In Eq. (4), a 0 and t 0 are constants. The isothermal TGA data obtained at each temperature were linearly fitted using Eq. (4) , respectively (yielding R 2 of $0.85 when compared to the experimental isothermal TGA data). The percent BCB curing with time data was extracted from the oven curing data sheet of Cyclotene 4000 series between 170 C and 220
C with 5 C intervals using a graph digitizing software [21] . In order to understand the relative rates of the two processes, the kinetic profiles of both processes were compared at temperatures between 170 C and 220 C. Figure 7 shows the percentage change in the processes plotted against time, i.e., the percent BCB cure and percent PPC undecomposed, at 170 C, 190 C, and 210
C. The relative rates of the processes can be inferred by comparing the percentage change in the processes. At the low temperatures, BCB curing occurred faster than PPC decomposition. For example, at 170 C, the BCB curing increased from 55% to 74% (i.e., 19% change), while PPC decomposition resulted in a change in mass from 98% to 91% (i.e., 7% change) ( Fig. 7(a) ). That means the BCB cures faster than PPC decomposes at 170 C. At higher temperature, e.g., 210
C, the situation is reversed and PPC decomposition is slightly faster than BCB curing. PPC decomposition changed by 15% (98-83%), whereas BCB curing changed only by 13% (70-83%) at 210 C ( Fig. 7(c) ). A target cure condition of 70% for the BCB was judged by trial and error experiments to be sufficient for withstanding the pressure developed from the PPC decomposition. Samples with 60% BCB cure, 70% BCB cure, and 80% BCB cure were compared (the cure temperature was between 180 and 190 C). Although little difference was seen between the 60% cure, 70% cure, and 80% cure samples in terms of BCB cap profile after reliable air-gap formation (Fig. 8) , some of the BCB caps in the 60% cure samples were found bulge out possibly due to lower mechanical stability of BCB unable to withstand pressure generated during PPC decomposition (the frequency of instances was around 5-10%). For higher percent BCB cure, some of the BCB caps over the airgaps were found to have wrinkles, i.e., small height changes over BCB caps (Fig. 9 ) (the frequency of instances was around 20-30%). Figure 7 was used to find the curing conditions for BCB. The optimal temperature was 190 C for BCB curing because the 70% BCB cure point can be reached in 1.3 hrs (Fig. 7(b) ). At lower temperature, such as 170 C, it takes an extended period of time, 10 hrs, to reach the 70% BCB cure point. At higher temperature, such as 210 C, the required time for 70% BCB curing is only 4 mins, which is hard to control and the PPC decomposition rate becomes too rapid. Thus, 190 C for 1.3 hrs for BCB curing was selected as the first part of the two-step process.
The RIE patterning process for PPC was investigated with the goal of achieving reliable air-gap formation. In order to understand the effect of PPC thickness and the BCB-to-PPC thickness ratio needed for air-gap stability, three samples with different PPC and BCB thicknesses were prepared. The PPC thickness was 11.8 lm ("thin"), 19.3 lm ("medium"), or 28.9 lm ("thick"). The total BCB thicknesses (pattern-transfer layer plus overcoat layer) were 11.8 lm, 14.8 lm, and 17.1 lm, for thin, medium, and thick PPC samples, respectively (pattern-transfer layer thickness was 2.5 lm for all samples measured before RIE, and overcoat layer thickness was measured over plain region, not over the air-gap region before thermal treatment). A two-step thermal treatment for BCB cure and PPC decomposition was used for all samples, where the first step was 1.3 hrs at 190 C as described above, and the second step for PPC decomposition and final BCB cure was at 240 C. The air-gaps obtained with the thick PPC samples after 10 hrs at second part of the thermal treatment had a cracked BCB layer on top of air-gap structure and were judged unacceptable. The BCB-to-PPC thickness ratio was 0.59 in the thick PPC sample (i.e., the BCB thickness includes both the pattern-transfer layer and the overcoat BCB layer). Reliable air-gaps with no cracks in the BCB layer were obtained with the medium and thin PPC samples because the BCB-to-PPC thickness ratio was larger than that in the thick sample, i.e., ratio of 0.77 for the medium and one for the thin sample. The more reliable air-gaps in samples with higher a BCB-to-PPC thickness ratio is due to the enhanced mechanical strength of the thicker BCB overcoat layers on the airgaps. Figure 10 shows optical images and surface profiles for the medium thickness PPC sample after 11 hrs of thermal treatment at 240 C. As seen from the line-scan profile in Fig. 10 , the BCB cap was not perturbed in the middle after the air-gap was formed (top profile and optical image in Fig. 10 , line-scan was obtained over the middle of the air-gap structure). That is, the BCB overcoat did not bulge or collapse. After the BCB cap was removed, the optical image showed little-to-no sign of residue in the air-gap region (bottom optical image in Fig. 10) . No spikes were seen in the surface line-scan profiles (bottom profile in Fig. 10 ). This means that the residue layer was insignificant on the scale shown in Fig. 10 . The scanning electron microscope (SEM) image in Fig. 11 shows the cleanliness of the silicon surface in an air-gap region on a medium PPC sample after BCB cap removal. The results for the thin PPC sample were similar to the ones with medium thickness PPC showing no visible residue in the air-gap region and no deformation of the BCB cap. The air-gap yield in both medium and thin PPC samples was about 80-90% with minor imperfection in the others from process defects. Figure 12 shows the cross-sectional SEM images of an air-gap structure obtained using RIE process. As seen in Fig. 12 , the air-gap structure shows no sagging or bulging over the whole width.
The residue thickness on the silicon substrate in the cavity region was investigated using XPS depth profiling to understand the dependence of residue thickness on thermal decomposition time. The medium and thin PPC samples were decomposed for different time periods, and the residue thickness was measured immediately after removal of the BCB cap. Figure 13 shows a representative XPS depth profile obtained from the medium thickness PPC sample subjected to a 13 hrs of second step thermal treatment. The residue mainly contained C and O. A small amount of N was also detected. The Si signal was from the Si substrate. The concentration of C and N decreased with depth as the Si concentration increased. The same species and similar trends were observed for the other samples. The medium thickness PPC samples were thermally treated for 11 hrs, 13 hrs, and 15 hrs as the final step in the two-step thermal treatment. For each medium thickness PPC sample, the residue thickness was obtained from two different air-gap features. The residue thicknesses were 19.2 nm and 59.9 nm for the 11 hrs thermal treatment, 12.9 nm and 29.9 nm for the 13 hrs thermal treatment, and 1.7 nm and 17.5 nm for the 15 hrs thermal treatment. The residue thicknesses from the thin PPC sample were 34.5 nm for the 5 hrs thermal treatment, 23.2 nm for the 6 hrs thermal treatment, and 26 nm for the 7 hrs thermal treatment. The thickness of the residue decreased with thermal treatment time. The removal of residue was slower compared to the removal of residue for the neat PPC sample without overcoat.
The direct photopatterning process using a PAG in the PPC film was investigated. A 19.9 lm thick photosensitive PPC film with 3 wt. % PAG was prepared and overcoated with 12.4 lm BCB. The sample was subjected to the two-step thermal treatment consisting of 1.3 hrs at 190 C and 11 hrs at 240 C. No air cavities were formed because the PAG was thermally activated at ca. 180 C leading to the decomposition of PPC at lower temperatures compared to the non-PAG containing PPC film. The lower temperature PPC decomposition occurred before the BCB became sufficiently rigid.
The direct photopatterning process was optimized to produce reproducible air-gap structures. First, in order to ensure the BCB Fig. 8 The Dektak profiles of the air-gap structures obtained using (a) 60% BCB cure, (b) 70% BCB cure, and (c) 80% BCB cure at [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] C. The PPC decomposition was done at 240 C for 4 hrs. The Dektak profiles are leveled with respect to the BCB. The solid line corresponds to the profile obtained before the BCB cap is removed, and the dotted line corresponds to the profile obtained after the BCB cap is removed. Fig. 9 Top-view optical image of wrinkles observed on BCB cap in 80% BCB cure air-gap sample. The BCB curing was done at temperatures between 180 and 190 C, the PPC decomposition was done at 240 C for 4 hrs. The Dektak profile of the shown BCB cap is given in Fig. 8(c) , where the wrinkles are small height changes.
was sufficiently rigid before substantial PPC decomposition, the two-step thermal treatment (previously 1.3 hrs at 190 C and 11 hrs at 240 C) was modified as follows. An initial thermal treatment step at 150 C was added, resulting in a three-step thermal treatment. The temperature of the second step was lowered to 180 C from 190 C. Thus, the modified thermal treatment included treatments at 150 C, 180 C, and 240 C. Also, the amount of PAG in the PPC film was lowered by using a two-layer PPC film. One of the two layers had PAG and the other one did not, as shown in Fig. 14 . The two-layered PPC film was previously shown to decrease the amount of PAG-related residue [16] . Reproducible air-gap structures were obtained using the two-layer PPC film, where the PAG-loaded PPC was the bottom layer and the nonphotosensitive PPC was the top layer, as seen in Fig. 14(a) . Two samples were coated with 2.8 lm of PAGcontaining PPC using the configuration in Fig. 14(a) . Then, one sample was coated with 13.6 lm nonphotosensitive PPC, and the other sample was coated with 23.5 lm nonphotosensitive PPC. The BCB overcoat thickness on the samples was 13 lm and 16 lm, respectively. The samples were taken through the threestep thermal treatment consisting of 15 hrs at 150 C, 15 hrs at 180 C, and 11 hrs at 240 C. The resulting air-gap structures showed no deflection in BCB caps regardless of total PPC thicknesses, because the nonphotosensitive PPC making up most of the PPC film did not decompose before the BCB was cured. Duplicate samples were thermally treated for 30 hrs at 150 C, 30 hrs at 180 C, and 11 hrs at 240 C. A greater air-gap yield ($80% versus $50%) was obtained for the longer treatment times (30 hrs versus 15 hrs), because the BCB reached a greater extent of cure. On the other hand, no air-gaps were obtained using the two-layer C and 11 hrs at 240 C. All data were acquired after PPC decomposition. The optical image and Dektak profile on top were acquired before removal of BCB cap, and the optical image and Dektak profile at the bottom were obtained after removal of BCB cap. Dektak profile on top was leveled with respect to overcoat BCB layer, and Dektak profile at the bottom was leveled with respect to Si surface. The inset schematics on each Dektak profile show the cross section of the features from which the Dektak profiles were obtained. Around 5 lm of BCB thickness was lost over the air-gap due to curing of the overcoat BCB layer and pattern-transfer BCB layer (which was casted from a diluted BCB solution), and overetching of the pattern-transfer BCB layer in RIE as explained in the Experimental Procedure section ($3 lm loss of initially 12.3 lm thick overcoat BCB layer measured before thermal treatment as shown in BCB processing data sheet [21] , $2 lm loss of initially 2.5 lm thick pattern-transfer BCB layer measured before RIE due to combined overetching and thermal treatment). Considering the losses in BCB thickness over the air-gap and process variation in BCB and PPC thicknesses, the air-gap thickness can be inferred as around 18-19 lm from the Dektak profiles above, which is in agreement with the thickness of PPC used in medium PPC sample. Fig. 11 An SEM image of the silicon surface of a medium PPC sample after the BCB cap was removed (the sample was tilted by 55 degrees in SEM tool for image acquisition)
PPC film when the PAG-loaded PPC was the top layer and nonphotosensitive PPC was the bottom layer ( Fig. 14(b) ). A nonuniform residue was visually observed in the air-gap region of all the PAG-containing samples. The residue thickness in the samples using the two-layer PPC film shown in Fig. 14(a) was much less than when all the PPC contained PAG. Figure 15 is a representative XPS depth profile showing the distribution of Si, C, O, and N with depth. The elemental distribution is similar to the profile shown in Fig. 13 except the F signal, due to its presence in the PAG structure [13] . On average, the measured minimum residue thickness for the two-layered PPC structure was at least 1.5-2 times greater than that for the PAG-free sample prepared by the RIE process.
Thus, the addition of PAG simplifies the process because the RIE patterning step is eliminated; however, it results in a greater amount of residue due to the salt products of the PAG [13, 14] . The two-layer PPC photopatterning process using PAG in only one layer is a significant improvement over the fully PAG-loaded PPC approach. The amount of residue was reduced and the photopatterning was significantly crisper because excess PAG is eliminated restricting the amount of photoacid diffusing into neighboring regions. Producing a two-layer PPC structure is challenging because spin-coating the second layer redissolves part of the first layer.
The carbon content of the PPC residue on the silicon was characterized by high-resolution XPS (carbon peaks (C1s)). Two 20 lm thickness PPC films on silicon were prepared. One sample was coated with nonphotosensitive PPC, and the other was coated with PAG-containing photosensitive PPC. The samples were thermally treated for 1.3 hrs at 190 C and 10 hrs at 240 C. The highresolution C1s peaks were deconvoluted and the results are shown in Fig. 16 . The nonphotosensitive PPC residue had peaks corresponding to the binding energy of C-C, C-H, C-O-C, C-O, C¼O, and O-C(¼O)-C, as shown in Fig. 16(a) and Table 1 . The nonphotosensitive PPC residue had a higher concentration of oxygen-containing carbon moieties. This may be indicative of residue containing undecomposed PPC. The photosensitive PPC had all moieties contained in the nonphotosensitive PPC residue and three additional peaks corresponding to C-F and two shake-up peaks, as shown in Fig. 16(b) and Table 2 . The presence of F in the residue is from the PAG (14.22 6 1.27 mol. %). The shake-up peaks were due to p-p* excitation in the aromatic rings in the PAG structure [27, 28] . The PAG-containing PPC residue had a higher concentration of C-C species. This suggests that the major residue contribution was from the anion portion of the PAG [13, 14] . The residues sitting on BCB were due to BCB parts broken due to cross sectioning.
To better understand the stiffness achieved in the BCB overcoat layers in the air-gap structures, the bulge equation shown below was used [35] :
where P is the applied pressure on the membrane, E is the elastic modulus, r 0 is the residual stress, is the Poisson's ratio, h is the vertical deflection of the membrane, t is the membrane thickness, and a is the radius of the membrane [35] . The deflection due to pressure has two contributions. The first group of terms on the right-hand side of Eq. (5) is due to prestressing the membrane and the second set is due to an unstressed membrane. Nanoindentation measurements were performed on BCB cap of an air-gap feature to obtain the pressure versus deflection values. A circular air-gap structure of 2 mm diameter prepared with nonphotosensitive PPC was thermally treated for 1.3 hrs at 190 C and 4 hrs at 240 C. The air-gap height was 9 lm, and the BCB thickness was 10 lm (total BCB thickness including pattern-transfer and overcoat BCB layers). The maximum force and the resulting deflection were 100.23 lN and 0.64 lm, respectively. The applied pressure (P) on the membrane was calculated to be 31.904 Pa. Poisson's ratio was 0.34 [22] , and the elastic modulus of the BCB was calculated to be 2.3 GPa from nanoindentation measurement done on a planar BCB-only region (no air-gap) on the same sample. Figure 17 shows the schematic of the nanoindentation performed on the BCB cap of an air-gap and on the BCB-only region. It was found that the major contribution to the pressure was from the residual stress portion of Eq. (5) (31.895 Pa), compared to the unstressed portion (0.009 Pa). This shows that the residual stress in the BCB cap increases the bending stiffness and provides the majority of the mechanical strength in the air-gap region. The residual stress in the BCB cap was calculated to be 1.46 MPa, tensile, and mostly originating from the thermal expansion of BCB, 52 ppm/K, versus the silicon substrate, 2.6 ppm/K [19] .
The mode of PPC decomposition was observed visually and with surface profilometry. During decomposition of the PPC, the BCB overcoat is deflected downward and held in contact with a liquidus PPC, which is above its glass transition temperature during the decomposition process. Once the PPC converts to the gas phase, the BCB is released and returns to the planar configuration due to the internal stress in the BCB. Other overcoat materials which are not prestressed would more easily deflect downward or upward.
Conclusion
The polymer-based air-gap formation processes and the chemical properties of polymer residue have been investigated. A thermally degradable sacrificial polymer, PPC, was used for creating air-gaps around enclosed regions encased with an overcoat polymer. Two different PPC materials were compared using TGA and NMR analyses. A precipitation-based PPC purification was used to remove some impurities. BCB was used as the overcoat material. A kinetic comparison of PPC decomposition and BCB curing was used to optimize the thermal treatment. A two-step thermal treatment was used to form air cavities. The PPC was patterned by RIE or by photopatterning using a PAG. Less residue was obtained with the nonphotosensitive PPC. Adding PAG to the PPC allowed direct photopatterning but also increased the residue and restricted the heating conditions due to thermally generated acid catalyzing the PPC decomposition. The amount of residue from the PAG-loaded PPC was 1.5-2 times greater than the PPC-only films. The PAGloaded PPC residue contained a greater C-C content than the residue from pure PPC. Nanoindentation measurements showed an increased BCB bending stiffness due to its residual stress.
